Fiber lasers operating in the 1.9--2.0 micron range were one of the most intensively developed topics of laser technology over the past decade. Especially Thulium-doped fiber lasers (TDFLs) have experienced tremendous advancement. Robust and compact TDFLs might find many practical applications, like medical procedures (e.g. ablation of urinary tissues[@b1][@b2], cellular-precision surgery[@b3]), or laser absorption spectroscopy[@b4]. The spectrum generated by TDFLs overlaps with absorption lines of several molecules, e.g. nitrous oxide (N~2~O), carbon dioxide (CO~2~), or hydrogen bromide (HBr), which opens the possibility of developing cost-effective trace-gas sensing platforms. Ultrashort-pulsed TDFLs are also particularly desirable in nonlinear optics and mid-infrared generation. As an example, mode-locked TDFLs can serve as pump sources for optical parametric oscillators[@b5] or supercontinuum generation in highly nonlinear (e.g. photonic crystal) fibers[@b6][@b7].

Ultrafast Thulium-doped fiber lasers might be mode-locked using variety of techniques. The most popular include: semiconductor saturable absorber mirrors (SESAMs)[@b8], carbon nanotubes[@b9][@b10], graphene[@b11][@b12], topological insulators[@b13], black phosphorus[@b14], and nonlinear optical/amplifying loop mirrors (NOLM/NALM)[@b15]. All those mode-locking techniques are well-established and widely used by the laser community. The CNTs are very promising for 2 micron applications, due to their fast recovery time, broad operation range, low saturation intensity, and relatively low cost and easy fabrication[@b16][@b17][@b18]. They can also support very short pulse generation, up to 66 fs[@b19], and are characterized by an optical damage threshold high enough to use them in typical fiber oscillators[@b20]. Despite those advantages, to date, there were only a very few reports on CNT-based Tm-doped mode-locked oscillators in the literature. The first mode-locked TDFL utilizing CNTs was demonstrated in 2008 by M. Solodyankin *et al*.[@b9]. The laser generated 2.05 ps-long pulses and used CNTs obtained via arc discharge, immersed in carboxymetyl cellulose polymer. One year later K. Kieu et al. reported a linear Tm-doped fiber laser with a SWCNT/polymer composite, generating 750 fs pulses[@b10]. The shortest pulses at 2 microns from CNT-based laser were reported very recently by J. Wang *et al*.[@b21]. Proper dispersion management of the cavity using normal dispersion fibers, as well as external compression led to generation of 152 fs-short pulses. Recently, a method of hybrid mode-locking of Tm-doped fiber lasers was proposed, where the oscillators contains a CNT saturable absorber, but simultaneously incorporates another mode-locking mechanism (e.g. NOLM[@b22][@b23] or NPE[@b24]). Nevertheless, all previous reports on 2 micron mode-locked lasers utilizing CNTs were related to non-polarization maintaining cavities. Thus, in all those cases, the oscillators required the usage of a polarization controller (PC) in order to initiate or optimize the mode-locking and pulsed operation. In general, non-PM lasers tend to be unstable and vulnerable to external disturbances. Additionally, the polarization state of the output radiation is undetermined, which might be a serious drawback in case of many practical applications, which require linearly polarized beams.

Moreover, despite the number of reports on CNT-based Er- and Tm- lasers, there were no comprehensive studies carried out on controlling the nonlinear optical parameters (i.e. scaling modulation depth) of a CNT-SA. In all of the mentioned reports published so far, the laser performance was investigated for a specific, arbitrarily chosen nanotube layer thickness in the SA. It is usually also unknown why this specific thickness is chosen. The influence of the CNT layer thickness on the modulation depth and on the Tm-laser behavior was not investigated yet. In our previous works, we have examined the possibility of modulation depth scaling in graphene saturable absorbers[@b25]. We have revealed, that the number of graphene layers determines the modulation depth, and has a significant influence on a fiber laser behavior. In this work, we have fabricated a set of CNT-based saturable absorbers with four different layer thicknesses (50, 100, 150 and 200 nm). The CNTs were fabricated via a vacuum filtration method[@b26][@b27] and deposited on fiber connectors. This method allows to fabricate a densely packed film, where CNTs are agglomerated forming closely packed carpet without any additional binder like polymer, in contrast to previous papers on CNT-based SAs[@b28][@b29]. However, previous studies have shown, that agglomeration of the nanotubes might cause an increase in the non-saturable losses of the SA[@b30]. One can avoid the agglomeration by mixing CNTs with graphene, as demonstrated in ref. [@b30]. Nevertheless, our goal was to fabricate a polymer-free CNT film, which also can improve the damage threshold. As shown recently by S. Kobtsev et al.[@b31], application of polymer-free CNT films solves the problems related to degradation of conventional polymer matrices of CNT-based SAs, and opens the possibility of fabricating longer-lasting and more reliable saturable absorbers. Another way of increasing of the damage threshold of the SA is to utilize the evanescent field interaction effect, i.e. deposit the material on a side-polished (D-shaped) fiber or a tapered microfiber. This approach was already investigated with CNTs[@b32], as well as with other two-dimensional SA materials (e.g. graphene[@b33], topological insulators[@b34], and transition-metal dichalcogenides, like MoS~2~[@b35]).

Our technique presented here allows to fabricate clean, polymer-free CNT films with controllable thickness. Those films can be afterwards transferred onto fiber connectors, forming ideal saturable absorbers for all-fiber lasers developed in PM technology. We have studied the influence of the CNT film thickness on the nonlinear optical parameters (modulation depth, saturation fluence). Afterwards, the CNT-SAs were tested in a state-of-the-art, all polarization maintaining Tm-doped fiber laser. Such experimental study was not reported elsewhere in the literature so far. Our results show, that the broadest output spectrum (8.5 nm) and shortest pulses (501 fs) are generated using a 100 nm thick CNT layer in the SA. This is, to our knowledge, the first reported comprehensive study on controlling of the parameters of a SA by scaling the CNT layer thickness. We have also presented, to the best of our knowledge, the first fully polarization maintaining, mode-locked Tm-doped all-fiber laser with CNT saturable absorber. The PM design of the laser is extremely important and very advantageous in comparison to non-PM lasers. In a non-PM cavity, a polarization controller is necessary to adjust the polarization state inside the resonator and either initiate the pulsed operation[@b24], optimize the mode-locking performance[@b36], or ensure stable single-pulse operation[@b23]. Generally, non-PM lasers tend to be sensitive to external perturbations (like vibrations, movement of the fibers, temperature changes, etc.). Additionally, the output pulses from a non-PM cavity are in fact vector solitons, containing two different polarizations, that might freely evolve. The energy exchange between those two vector solitons may cause formation of sub-sidebands in the optical spectrum[@b37][@b38]. The only way to provide self-starting, turn-key and environmentally stable operation, is to develop the cavity in all-fiber technology, using PM fibers and components. Such lasers emit scalar solitons with one polarization state, which is crucial for many applications. Additionally, PM lasers are self-starting and possess only one fundamental mode-locking state (the mode-locking cannot be optimized in any way; the laser is completely alignment-free and the mode-locking performance cannot be affected/degraded by external factors).

Results
=======

As a starting point of the CNT film characterization (before deposition on the fiber connector) scanning electron microscope (SEM) imagining has been employed. The SEM images of the carbon nanotube films (on flat substrate) with thicknesses 50 and 200 nm are shown in [Fig. 1a](#f1){ref-type="fig"} and [b](#f1){ref-type="fig"}. We note that the vacuum filtered films are clean without residual contaminations and have similar tightly packed nanotube arrangement independent of the sample thickness. [Figure 1(c)](#f1){ref-type="fig"} shows linear transmittance spectra for all studied CNT films in the range of 1400--2200 nm (films deposited on a glass substrate), with the Tm-doped laser emission range marked with gray color. For the wavelength of λ = 1560 nm (see the vertical black dotted line in the picture 1(c)), the transmittance level is approximately 60%, 48%, 36% and 30% for the CNT film with thickness 50, 100, 150 and 200 nm, respectively. Raman spectra in [Fig. 1(d)](#f1){ref-type="fig"} exhibit typical carbon nanotube modes (RBM, G and 2D)[@b39]. Relatively small D peak confirms that fabricated films are clean and contain few defects.

The measured saturable absorption curves of all prepared samples (CNT films deposited on the fiber connectors), together with theoretical fitting (see "Methods") are plotted in [Fig. 2](#f2){ref-type="fig"}. All measurements were performed at 1560 nm wavelength. It can be seen, that the modulation depth scales with the thickness of the CNT layer. The measured modulation depth and saturation fluence values, together with the values used for the best possible fitting, are summarized in [Table 1](#t1){ref-type="table"}. The *F*~*sat*~ values were determined from the measured curves, as a point where the transmission increases by 1/e factor of the modulation depth[@b40]. Due to the fact, that in all cases we do not reach the theoretical modulation depth, the *F*~*sat*~ values read from the graph are approximately two times smaller than the calculated. Also the "real" modulation depth (*ΔT*), which could be measured in our setup, is approx. twice smaller than the value from the fit, due to insufficient power level to fully saturate the samples. Nevertheless, the obtained parameters are comparable to those reported in the literature for other CNT-SAs. For example, Z. Yu et al.[@b19] reported 7.8% modulation depth, but the CNT layer was deposited on a tapered microfiber. The Authors in ref. [@b21] report 10% of modulation depth, but also in their case the sample was not fully saturated due to not enough pumping power. Modulation depth of 18% was reported in ref. [@b41], using a 30 μm-thick CNT film. It can be seen, that the transmittance levels of the fabricated CNT-SAs shown in [Fig. 2](#f2){ref-type="fig"} slightly differ from those presented in [Fig. 1(c)](#f1){ref-type="fig"}. It is caused most likely due to the additional attenuation of the fiber adapters used to join two connectors, or also due to the possibility of CNT film local folding during the sample preparation (transmittance characteristics from [Fig. 1(c)](#f1){ref-type="fig"} were measured with CNTs deposited on glass substrates).

Due to lack of a proper power-dependent transmission setup at 2 μm, the nonlinear parameters were measured at 1560 nm. However, still this measurement gives us some information about the scalability of the modulation depth by changing the thickness of the CNT film, which was not studied so far. To the best of our knowledge, the dependence of the CNT nonlinear parameters on the wavelength was not investigated by any group yet. This is why it is extremely difficult to discuss how the wavelength might affect the accuracy of the nonlinear parameters. Nevertheless, it has been already show, that properly fabricated CNT-SAs might support mode-locking in solid-state lasers in a very broad range of wavelengths (1.07--1.95 μm)[@b42][@b43].

Setup of the PM Tm-doped laser
------------------------------

The influence of the CNT-SA parameters on the behavior of the fiber laser was investigated in a fully fiberized, all polarization maintaining Tm-doped fiber oscillator. A schematic of the laser is depicted in [Fig. 3](#f3){ref-type="fig"}. The resonator comprises: 12 cm long piece of Thulium-doped fiber (Nufern PM-TSF-5/125, TDF), a wavelength division multiplexer (WDM), an isolator (ISO), an 30% output coupler (OC), and the saturable absorber. The laser was counter-directionally pumped by a self-made 1560 nm fiber laser with maximum available power of 620 mW. The dispersion of the cavity was all-anomalous, and no dispersion compensation mechanisms (e.g. normal dispersion fibers) were used. All fibers and components used in the cavity were polarization maintaining -- such design ensures stable, self-starting mode-locked operation, invulnerable to external disturbances, and provides exactly the same conditions for each tested saturable absorbers.

Laser performance
-----------------

In our experiments, all four tested saturable absorbers were spliced one after the other into the cavity. We have carefully controlled the lengths of the fibers, in order to maintain the repetition frequency of all setups. The maximum difference in repetition frequency between the lasers was 741 kHz, which corresponds to a fiber length difference of 4.7 cm (about 1.3% mismatch of the overall resonator length). We believe that such small mismatch is negligible and has no influence on the laser behavior, since the dispersion of the oscillator is fully anomalous. We have recorded 9 basic parameters of the laser: the threshold pump power required for stable mode-locking (P~pump_thr~), maximum pump power with stable mode-locking without any parasitic continuous-wave (CW) lasing (P~pump_max~), the central emission wavelength at maximum pump (λ~center~), the half width at half maximum bandwidth of the spectrum (Δλ~FWHM~), the pulse duration (τ~pulse~), the average output power (P~out~), the calculated pulse energy (E~p~), the time-bandwidth product (TBP), and the repetition frequency (f~rep~). All parameters are summarized in the [Table 2](#t2){ref-type="table"}.

The best performance in terms of bandwidth and pulse duration (8.5 nm and 501 fs, respectively) was obtained with 100 nm thick CNT layer. However, the differences in the pulse durations between the setups are not so significant as in case of graphene-based saturable absorbers with different number of layers[@b25]. The Tm-doped laser is quite sensitive to additional losses inside the cavity, which results in significant shift in the central wavelength (from 1925 nm to 1945 nm). However, bandwidths and pulse durations are very similar in all cases. It indicates, that choosing the SA with proper CNT thickness might be an efficient method for wavelength-tuning of the laser, without degrading the pulse duration, bandwidth, or output power. It can be seen, that in contrast to our previous laser based on graphene[@b25], here the wavelength shifts towards longer wavelengths with increased cavity loss (caused by a thicker CNT-layer SA). The reason of that behavior is, that in case of this particular resonator, the optimum balance between the resonator transmittance, and the emission/absorption cross-sections of the active fiber is found at longer wavelengths, when the additional losses of the CNT-SA are introduced. We believe, that the emission wavelength of the laser is mostly determined by the transmittance characteristic of the saturable absorber. As it can be seen from the broadband characteristics shown in [Fig. 1(c)](#f1){ref-type="fig"}, the transmittance of the CNTs is strongly wavelength-dependent and increases at longer wavelengths (\>1850 nm). In consequence, when a thicker SA is inserted to the cavity (e.g. the 200 nm sample with higher overall loss), the laser will compensate the losses and shift its emission towards longer wavelengths, where the SA exhibits higher transmittance. This behavior is much different than in case of graphene, since graphene has a wavelength-independent transmittance profile, i.e., the transmittance characteristic is quite flat over broad range of wavelengths. Thus, the emission wavelength of a graphene-based laser is not affected by the saturable absorber's transmittance, but by other factors (like the gain profile of the active fiber). For the same reasons the output power increases with thicker CNT layers: at longer wavelengths, the absorption of the Tm-fiber drops significantly, and the transmittance of the SA increases. So most likely the wavelength shift induces better conversion efficiency and results in higher output power. We have also found, that the pump power threshold is the highest for the thinnest sample, and is lower for thicker samples. It can be explained by the value of the modulation depth required for mode-locking. Generally, soliton lasers operating in anomalous dispersion (like ours) requires relatively low modulation depth SA to initiate the pulsed operation (at the level of few percent). The required modulation threshold is achieved faster (i.e. at lower pump powers) for the thicker SAs, which have a much larger modulation depth in overall than the thinnest sample. In general, the output powers are much higher in the CNT-based lasers, when compared to our previous work on graphene-based lasers[@b25]. This is caused by a combination of several factors. The CNTs seem to have a higher saturation threshold, so it was required to pump the laser significantly stronger. We have also used a different active fiber with higher gain (a new, improved version of the Tm-doped fiber from Nufern), and higher quality components, which introduce smaller losses. This resulted in significantly increased conversion efficiency of the lasers.

[Figure 4](#f4){ref-type="fig"} Shows the measured optical spectra for all four cases (**a**) and the corresponding autocorrelation traces (**b**). The spectrum red-shifts with the increasing thickness of the CNT layer due to increased attenuation of the SA. The autocorrelations measured in a wide scanning range (140 ps) are depicted as inset graphs in [Fig. 4(b)](#f4){ref-type="fig"}. It can be seen, that the AC traces are free of any pre- or post-pulses, or any signs of harmonic mode-locking, Q-switching, etc.

The measured radio frequency (RF) spectra of the laser with four CNT-SAs are depicted in [Fig. 5](#f5){ref-type="fig"}. The spectra in figures (a--d) are centered at the first harmonic of the RF comb, and confirm that the cavity length was maintained in all oscillators. In all cases the signal to noise ratio (SNR) was at a very high level, exceeding 70 dB. [Figure 5(e)](#f5){ref-type="fig"} depicts an exemplary spectrum recorded in the full available frequency span (taken from the oscillator with 100 nm CNT-SA) showing a clean comb of harmonics without any parasitic modulations or filtering.

Methods
=======

Optical characterization of the saturable absorbers
---------------------------------------------------

The saturable absorption curves shown in [Fig. 2](#f2){ref-type="fig"} were retrieved using an all-fiber power-dependent transmittance setup, depicted in [Fig. 6](#f6){ref-type="fig"}[@b44][@b45]. A commercially available femtosecond laser was used as pumping source (Menlo Systems T-Light, 100 MHz repetition rate). The laser beam was divided into two parts by a 80/20% coupler. The average power incident on the sample was tuned by an electrically controlled variable optical attenuator (EVOA). The power in both arms measured by the optical power meter (Newport 2936-R with 918D-IG-OD3R heads). The pulse duration at the sample was at the level of 550 fs, and it was adjusted to be similar to the pulse duration achieved from the Tm-doped laser. The maximum average power at the measured sample was 50 mW. The measurement data were fitted with a commonly used formula valid for fast SAs[@b46][@b47]:

where *ΔT* denotes the modulation depth, *α*~*NS*~ are the non-saturable losses, and *F*~*sat*~ is the saturation fluence.

Laser characterization
----------------------

The performance of the laser in all configurations was observed using an optical spectrum analyzer with scanning range up to 2400 nm (Yokogawa AQ6375), an RF spectrum analyzer (Agilent EXA N9010A) with 7 GHz bandwidth, coupled with a 16 GHz photodetector (Discovery Semiconductors DSC2-50S), an optical autocorrelator (Femtochrome FR-103XL), and optical power meter (Gentec Maestro with XLP12-3S-VP detector).

CNT film characterization
-------------------------

SEM images of the CNT films were performed with using Raith e_Line PLUS microscope. The SEM images of all our samples looks very similar, therefore only two extreme thicknesses are shown in [Fig. 1](#f1){ref-type="fig"}. More can be found in our previous work on CNT film fabrication (ref. [@b39]). For the transmittance measurements as a function of the wavelength a Theremo Scientific Nicolet iS50 spectrometer was used. The Raman spectra were collected using a Renishaw spectrometer with a 514 nm laser excitation line (2.41 eV) in a back-scattering configuration.

CNT film fabrication
--------------------

The CNT thin films were produced using water solution of separated semiconducting single wall carbon nanotubes from Nanointegris (Iso-Nanotubes, 99% purity, mean diameter of 1.4 nm) with the tube concentration of 0.01 mg/ml. An appropriate amount of solution was vacuum filtered[@b26] onto the Mixed Cellulose Ester (MCE) membrane from Millipore (0.025 μm pore size, 25 mm diameter) to achieve a specified thickness of the CNT thin films: 50, 100, 150 and 200 nm. After vacuum filtration process a dry 5 × 5 mm piece of each CNT film coated MCE membrane was immersed in acetone, where the filter was quickly dissolved. The process was repeated through several baths to ensure effectively complete removal of MCE. Then acetone was replaced by the isopropanol/water solution with the ratio of 1:1 and CNT film was picked up on a fiber connector and gently dried by the nitrogen stream. We note that this method allows to produce high-density films with a uniform thickness and, also important, high purity without residual surfactants (proved by Raman and SEM).

Summary and conclusions
=======================

Summarizing, we have presented a study on the performance of a mode-locked Tm-doped fiber laser, depending on the nanotube layer thickness in the saturable absorber. We have fabricated a set of four CNT layers with different thicknesses (ranging from 50 to 200 nm), and deposited them onto fiber connectors forming saturable absorbers for the fiber laser. All samples were characterized in terms of nonlinear optical properties and tested in a state-of-the art, Tm-doped fiber soliton laser. Our experiments have shown, that the best performance in terms of pulse duration is obtained with 100 nm thick nanotube film in the SA. Such thickness provides the best balance between the modulation depth, non-saturable losses and saturation fluence in a typical, low-power TDFL. At this value, the SA exhibits over 13% of modulation depth, which supports generation of 500-fs short optical pulses centered at 1925 nm. We have shown, that further increasing of the CNT thickness does not improve the performance of the laser, most likely because of too high non-saturable losses and insufficient intra-cavity fluence. However, our study has revealed, that with all absorbers the performance of the laser remains at a quite comparable level (pulse duration between 501 and 530 fs). Changing the thickness of the SA mostly influences only the central wavelength of the emission, between 1925 and 1945 nm. Choosing the SA with proper CNT thickness (which is controllable in our process) might be an efficient method for wavelength-tuning of the laser, without degrading the pulse duration, bandwidth, or output power.
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![Measured power-dependent transmittance of the fabricated CNT samples together with calculated fitting curves.](srep45491-f2){#f2}

![Setup of the all-fiber polarization maintaining Tm-doped oscillator.](srep45491-f3){#f3}

![Recorded optical spectra (**a**) and pulse autocorrelation traces (**b**) for different CNT layer thickness in the saturable absorber.](srep45491-f4){#f4}

![Measured RF spectra of the lasers with different CNT layer thickness in the saturable absorber: 50 nm (**a**), 100 nm (**b**), 150 nm (**c**), 200 nm (**d**), exemplary RF spectrum measured with 7 GHz span using 100 nm CNT layer (**e**).](srep45491-f5){#f5}

![Power-dependent transmission measurement setup.](srep45491-f6){#f6}

###### Summary of the obtained nonlinear parameters of the saturable absorbers.

  CNT thickness \[nm\]    Saturation fluence (*F*~*sat*~) \[μJ/cm^2^\]   Modulation depth (*ΔT*) \[%\]        
  ---------------------- ---------------------------------------------- ------------------------------- ----- ------
  50                                           53                                     100                3.1   4.9
  100                                          61                                     120                8.1   13.3
  150                                          80                                     180                8.6   15.9
  200                                          71                                     180                9.1   17.3

###### Summary of the obtained mode-locking parameters.

  d~CNT~ \[nm\]    P~pump_thr~ \[mW\]   P~pump_max~ \[mW\]   λ~center~ \[nm\]   Δλ~FWHM~ \[nm\]   τ~pulse~ \[fs\]   P~out~ \[mW\]   E~p~ \[nJ\]    TBP    f~rep~ \[MHz\]
  --------------- -------------------- -------------------- ------------------ ----------------- ----------------- --------------- ------------- ------- ----------------
  50                      570                  620                1925.8              7.7               522              22            0.39       0.325       56.172
  100                     410                  455                1928.5              8.5               501             28.5           0.50       0.343       56.368
  150                     478                  538                1935.5              8.3               504             27.5           0.48       0.335       56.913
  200                     444                  530                1945.1              8.1               530              35            0.62       0.340       56.630
